a b s t r a c t
Craniectomy is a life-saving procedure. Subsequent cranioplasty with autologous skull bone has a bone resorption rate from 4% to 22.8% and an infection rate from 3.3% to 26%. There are concerns with their viability and the potential microbial contamination as they were explanted for a long period of time. Eighteen cranial bone flaps stored at Prince of Wales Hospital Skull Bone Bank during the period from June 2011 to March 2016 were identified. Ethics approval was obtained. Bone chips and deep bone swabs were collected for osteoblast culture and microbial culture. Skull Bone Bank was kept at À80°C under strict aseptic technique during the study period. The storage period ranged from 4 months to 55 months. For the osteoblast culture, all eighteen bone flaps had no viable osteoblast growth. For the bacterial culture, five had positive bacteria growth (27.8%). Three were Pasteurella multocida and two were Methicillin-resistant Staphylococcus aureus. The mean duration of storage of the infected bone flap was 32.9 months (±15.1 months) versus 19.9 months (±17.9 months) of those bone flaps with no bacterial growth (p = 0.1716). The mean size of the infected versus non-infected bone flaps was 117. ) respectively (p = 0.1318). Although in this study statistical significance was not reached, it was postulated that infected bone flaps tended to be larger in size and had a longer duration of storage. In conclusion, cryostored skull bone flaps beyond four months showed no viable osteoblasts. Bacterial contamination rate of bone flaps was 27.8% in this study. Ó 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Craniectomy is a life-saving procedure [1, 2] . Subsequent cranioplasty with autologous skull bone has a bone resorption rate from 4% to 22.8% [3, 4] and an infection rate from 3.3% to 26% [5] [6] [7] . There are concerns with their viability and the potential microbial contamination as they were explanted for a long period of time. Currently there is no standard method to handle the explanted craniectomy bone flaps. A traditional method is to place the bone flap in a subcutaneous pocket at the abdominal wall till retrieval for cranioplasty [8, 9] . Alternatively, craniectomy bone flaps can be stored at a hospital Skull Bone Bank in a freezer at À80°C (with an acceptable range of À70°C to À90°C) [10] under aseptic technique. For our current practice, cranial bone flaps were defrosted upon cranioplasty and sterilized according to a standard protocol for autologous tissue [11] . Bone flaps beyond 6 months of storage would be disposed and synthetic materials such as Titanium or acrylic would be used instead. However, there is no strong evidence or large studies from the literature to justify these rationales.
The aim of the study is to generate data on the viability and status of microbial contamination of deep freeze-stored skull bone flaps. tified to be disposed. Inclusion criteria included bone flaps of those patients either already had synthetic materials for cranioplasty or deceased patients who had craniectomy. The Skull Bone Bank is a deep freezer with multiple doors and separate compartments to maintain the content at the targeted temperature. It was kept at À80°C (with an acceptable range from À75°C to À80°C) under strict aseptic technique. The bone flaps were individually packed with two layers of sterile plastic bags. Before the specimen collection, the bone flaps were taken out from the deep freezer and allowed to thaw for two to four hours to room temperature. The bone specimens collection were conducted in the operating theatre with laminar flow. The operator was scrubbed up and collected the specimens in strict aseptic technique. Bone chips and deep bone swabs and were collected for osteoblasts culture and microbial culture. Sterile bone rongeurs were used to collect bone chips specimens at the core of the bone flaps. The edges of the bone flaps were avoided as the heat energy from the high-speed drill during craniectomy could have affected the osteoblasts' viability. Swabs were also taken at the deep part of the bone flaps to assess the status of microbial contamination at the core of the bone flaps. The sizes of the bone flaps were also measured. The bone flaps' corresponding background demographic of the patients including sex, age, type of operations, data of the operations, comorbidities, explanted duration of the bone flaps were collected. For the osteoblasts culture, the bone chips were collected in sterile phosphate buffer saline (PBS). The washed bone fragments were cultured in 10 mL of Dulbecco's Modified Eagle's medium (DMEM) enriched with 10% fetal bovine serum and incubated at 37°C in 5% carbon dioxide. Microscopic examination for the outgrowth of cells from the bone fragments were performed at 7, 14 and 21 days. For microbial culture, the deep bone swabs were inoculated onto chocolate agar plate and incubated for 18 h at 37°C in room air. A further incubation of 48 h would be performed when there was no growth. Standard antibiotic sensitivities were also performed. Ethics approval was obtained from the Joint Chinese University of Hong Kong -New Territories East Cluster Clinical Research Ethic Committee.
Material and methods

Cranial
Results
During the study period, 18 pieces of skull bone which fulfilled the inclusion criteria were identified. Records confirmed the Skull Bone Bank was kept at À75°C to À80°C under strict aseptic technique during the study period. The storage period of the bone flaps ranged from 4 months to 55 months. The background demographic, types of operations, past medical history of the patients were as shown in Table 1 . For the osteoblast culture, all 18 had no viable osteoblast growth at 21 days. As a control, one fresh skull bone chip specimen was collected intraoperatively showing positive osteoblasts outgrowth on Day 7 as confirmed by alkaline phosphatase staining. For the bacterial culture, 5 out of 18 had positive bacteria growth (27.8%). Three were Pasteurella multocida and two were Methicillin-resistant Staphylococcus aureus. All craniectomy were performed as emergency operations. The mean duration of storage of infected versus non-infected bone flap was 32.9 months (±15.1 months) vs 19.9 months (±17.9 months) (p = 0.1716). The mean size of the infected versus non-infected bone flap was 117.7 cm 2 (±44.96 cm 2 ) vs 76.8 cm 2 (±50.24 cm 2 ) (p = 0.1318).
Discussion
Cranioplasty has potential complications including infection and bone resorption. Readmission as a result of severe complications from autologous cranioplasty was up to 30% [12] . Bone resorption was up to 22.8% [4] and it was proposed that ''an initial allograft should be considered" in selected group of patients [4] . Previous study shown microbial contamination rate of cryostored autologous skull bone flaps at À20°C was 20% [13] . One study had shown 50% positive culture bacterial growth on the surface of the bone flaps by flora before storage [14] . Another study had reported that cryopreservation of skull bone flap at À30°C for more than six months shown no viable osteoblasts [15] . On the other hand, 86% of the subcutaneously preserved autologous bone flaps had the presence of osteoblasts [16] . Positive bacterial culture for subcutaneously-stored bone flaps was only one out of fifty [16] . Sterilization with povidone iodine solution, hydrogen peroxide solution and normal saline mixed with antibiotics for autologous bone flap stored at À26°C had shown a complication rate of 3.40% [17] . On the other hand, sterilization by autoclave was significantly associated with surgical site infection with an infection rate up to 38.5% for bone flap stored at À70°C [18] .
Our current study had shown that cryostored bone flaps had a significant rate of microbial contamination at 27.8% at the deep part of the bone flaps. Further studies would be justified to evaluate the effectiveness of the current sterilization method by soaking the bone flaps into the various antiseptic solution. From the observation of the bone flaps in this current study, the high-speed-drilltreated bone edges of the bone flaps were not completely porous and there were concerns if the antiseptic solutions can penetrate into the deep core part of the bone flaps which yield positive cultures.
As for the lack of viable osteoblasts, this study concurs with the hypothesis that cranioplasty bone flaps could be acting as an ''osteoconductive" agent which provide a scaffolding for the osteoblasts from the surrounding via skull bones of the recipients to grow. Table 1 The results showing no significance in the baseline demographic, types of operations and past medical history of the patients with craniectomy in this study. Though statistically insignificant, infected bone flaps tended to be larger in size and had a longer duration of storage. MRSA: Methicillin-resistant Staphylococcus aureus.
Infected bone flaps
Bone flaps with no growth Although in this study statistical significance was not reached, it is postulated that infected bone flaps tend to be larger in size and had a longer duration of storage. Future studies with larger sample size are needed.
Conclusions
In this study, cryostored skull bone flaps beyond four months showed no viable osteoblasts. Bacterial contamination rate of bone flaps was 27.8% in this study.
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